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ocosahexaenoic Acid (DHA) Supplementation of
range Juice Increases Plasma Phospholipid
HA Content of Children
ELI M. HAWTHORNE, MS, RD, LD; STEVEN A. ABRAMS, MD; WILLIAM C. HEIRD, MD
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BSTRACT
he major dietary source of docosahexaenoic acid (DHA)

s fish, which is not widely consumed by children. There is
oncern, therefore, that children may not receive ade-
uate DHA and so might benefit from dietary supplemen-
ation. The aim of the present study was to evaluate the
ffects of providing a supplement of microencapsulated
lgal DHA in juice. We assessed the effects of two levels
f DHA supplementation on the plasma phospholipid
HA content of healthy 4- to 6-year-old and 7- to 12-year-
ld children who were randomly assigned to consume 180
L juice containing either 50 mg (lower dose) or 100 mg

higher dose) DHA daily for 6 weeks. Plasma phospho-
ipid DHA content (mole % of total fatty acids) was mea-
ured before and after 6 weeks of daily juice consumption.
ecause there are no data for plasma phospholipid DHA

ontent in healthy children, data were compared to that
f breastfed infants. At baseline, plasma phospholipid
HA content was lower in both age groups and dose
roups than observed in breastfed infants. It increased
ignificantly in both dose groups, but more so in the
igher dose group of both age groups (P�0.05, overall
ean�standard deviation: 3.72�0.66 vs 4.64�0.77); reach-

ng levels similar to or greater than content of breastfed
nfants. Thus, DHA supplementation of juice at either 50

g/day or 100 mg/day for 6 weeks was effective in in-
reasing plasma phospholipid DHA contents of children.
Am Diet Assoc. 2009;109:708-712.

he 18-carbon fatty acids, linoleic acid (LA, 18:2n-6)
and �-linolenic acid (ALA, 18:3n-3), cannot be syn-
thesized by mammals. Hence, these fatty acids as

ell as some of their metabolites, are considered essential
atty acids. Chief among the metabolites of these fatty
cids are the n-6 fatty acids, arachidonic acid (ARA, 20:
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n-6) and docosapentaenoic acid (22:5n-6), which are syn-
hesized from LA; and the n-3 fatty acids, eicosapentaenoic
cid (EPA, 20:5n-3) and docosahexaenoic acid (DHA, 22:6n-
), which are synthesized from ALA.
In theory, because infants can convert LA and ALA to

he longer chain, more unsaturated fatty acids (1), a
alanced intake of LA and ALA should result in adequate
mounts of all n-6 and n-3 polyunsaturated fatty acids
PUFA). However, while plasma and tissue levels of n-6
UFA (ARA and docosapentaenoic acid) are usually ade-
uate, plasma and tissue levels of n-3 PUFA, particularly
HA, are often low. This probably reflects modern diets,
hich are high in LA but contain considerably less ALA.
onsequences of this imbalance are not known with cer-

ainty, but cognitive and visual function deficits of infants
ho receive a dietary source of ALA, but not DHA are
ell-documented (2). Potential consequences of low
lasma n-3 PUFA content in children are not well-known;
owever, data suggest that n-3 PUFA may play a role in
ognitive function and attention in children and psychi-
tric disorders in adults (3-5).
Fatty fish are among the richest dietary sources of EPA

nd DHA. However, fish intake by children under 14
ears of age is only about half a serving per week (6).
urther, while more than one-third of US children take
ultivitamin supplements regularly, few take DHA sup-

lements (7).
Multiple organizations have established recommended

evels for n-3 or fatty fish consumption to meet essential
atty acid needs. The dietary reference intake of n-3
UFA is 0.6% to 1.2% of total calories; that for n-6 PUFA

s 5% to 10% of total calories for adults and children over
ge 4 years of age (8). The 2005 Dietary Guidelines for
mericans recommend that individuals, “Keep total fat

ntake between 20 and 35 percent of calories, with most
ats coming from sources of polyunsaturated and mono-
nsaturated fatty acids, such as fish, nuts, and vegetable
ils” (9). The US Dietary Guidelines Advisory Committee
ecommends eating fatty fish twice weekly, aiming for
pproximately 8 oz per week (10). The American Heart
ssociation and the National Academy of Sciences also
romote consumption of fatty fish at least twice weekly
11,12). Finally, a recent position paper by the American
ietetic Association (13) recommends including two serv-

ngs (4 oz per serving) per week of fatty fish high in n-3
atty acids.

However, fish consumption is not without risks. The
nvironmental Protection Agency and the US Food and

rug Administration recommend that children as well as

© 2009 by the American Dietetic Association
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regnant and lactating women avoid large predatory fish,
hich may contain high levels of methylmercury (12).
Because most children do not readily eat fish, an alter-

ative source of DHA may be desirable. One possibility is
o incorporate a microencapsulated algal oil high in DHA
nto a healthful food or beverage that is widely consumed
eg, orange juice). However, the amount of DHA needed,
f any, is not clear. To further complicate the issue, there
s no consensus concerning the desirable plasma phos-
holipid DHA content of children beyond infancy.
There are no long-term data in healthy children regard-

ng the intake of foods or beverages supplemented with
HA. However, Birch and colleagues (14) determined

hat supplementation of term infant formula with DHA
nd ARA continued to support visual acuity and intelli-
ence maturation similar to breastfed infants at 4 years
f age. Data regarding cognitive function outcomes with
HA-supplemented foods beyond this age for healthy

hildren do not exist. Thus, it is necessary to directly
etermine the effects of different intakes of DHA on
lasma fatty acid patterns of children consuming the
roduct containing DHA.
The primary objective of the study reported here was to

etermine plasma phospholipid DHA contents of 4- to
2-year-old children before and after a 6-week course of
ither 50 mg/day or 100 mg/day algal-based DHA in or-
nge juice. Because there are no data for plasma phos-
holipid DHA content in healthy children, these values
ere compared with previously reported plasma phos-
holipid DHA contents of breastfed infants (15) and
reastfeeding women supplemented for 4 months with
00 mg/day DHA (16).

ETHODS
ealthy 4- to 12-year-old children were recruited by pub-

ic advertising and word of mouth. Subjects were eligible
or enrollment if they had no underlying health condi-
ions that affected fat absorption, had a body mass index
calculated as kg/m2) between the 5th and 95th percentile
or age and sex, were not allergic to or intolerant of
range juice, and were not taking n-3 fatty acid supple-
ents.
Children who qualified were assigned randomly by age

4 to 6 years and 7 to 12 years) and sex to receive 180 mL
range juice daily for 6 weeks supplemented with either
0 mg (lower dose) or 100 mg (higher dose) DHA. By 6
eeks of supplementation, subjects would be expected to
ave achieved a steady-state level of plasma phospholipid
HA content (17).
The DHA source was a single-cell oil derived from the

lgae, Schizochytrium sp. It was added to the orange juice
y the manufacturer (Coca-Cola North America, Apopka,
L). The 50-mg and 100-mg DHA dose levels were chosen
o reflect current levels of other foods and beverages
upplemented with n-3 fatty acids, which typically range
rom 20 to 400 mg per serving.

Fasting plasma phospholipid fatty acid contents were
etermined at baseline and after 6 weeks. Blood was
btained in ethylene diamine tetraacetic acid�containing
ubes and plasma was separated by centrifugation and
tored at �70°C until analysis. Plasma lipids were ex-
racted as described previously (18) and the phospholipid

raction was separated by one-dimensional thin-layer D
hromatography (17). Methyl esters of the component
atty acids of the phospholipid fraction, prepared with
oron trifluoride-methanol (19), were quantified by gas-
iquid chromatography (Varian 3500, Varian Inc, Walnut
reek, CA) in the presence of 17:0 and 21:0 internal
tandards. The amount of each fatty acid in the plasma
hospholipid fraction is expressed as the mole percentage
f the total fatty acids.
An essential fatty acid–specific food frequency ques-

ionnaire (FFQ) was administered to parents to assess
ypical DHA and EPA intakes of their children during the
ast month (20). Study calendars were provided to eval-
ate compliance by having subjects write a checkmark for
ach day they consumed the product and return them at
he end of the study along with any unopened bottles of
uice. Acceptability of the juice was assessed at the final
isit by a taste questionnaire.
Baseline and 6-week fatty acid data of the two age

roups were analyzed separately by t tests and, if no
ifference between groups was found, data were com-
ined to simplify the interpretation of results. Differences
etween baseline and 6-week data were determined by
aired t tests (SPSS, version 15, 2006, SPSS Inc, Chicago,
L). The Institutional Review Board of Baylor College of
edicine and Affiliated Hospitals approved the protocol

nd written informed consent was obtained from parents.
ritten assent was obtained from children who were

ged 7 years or older.

ESULTS
elected characteristics of the two groups are summa-
ized in Table 1. By design, half of the subjects in each age
roup (four males and four females) received 50 mg/day

Table 1. Characteristics of 4- to 12-year-old children receiving
juice supplemented with docosahexaenoic acid

Characteristic

Lower dose
(50 mg)
(n�15)

Higher dose
(100 mg)
(n�16)

Sex 7 male; 8 female 8 male; 8 female
4™™™ mean�standard deviation ™™™3

Age (y) 7.1�2.2 7.5�2.8
Weight (kg) 26.0�10.5 26.2�10.1
Height (cm) 122.6�16.1 125.6�17.2
BMIa 16.6�2.3 15.9�2.3
Fish intake (servings/wk) 1.1�1.0 0.8�0.7
DHAb intake (mg/day) 56.2�30.6 55.3�33.3
EPAc intake (mg/day) 33.8�21.9 33.4�21.4

4™™™™™™™™™™™™ n ™™™™™™™™™™™™3
Ethnicity

White 4 5
Hispanic 3 2
African-American 6 9
Asian 2 0

aBMI�body mass index (calculated as kg/m2).
bDHA�docosahexaenoic acid.
cEPA�eicosapentaenoic acid.
HA and the other half received 100 mg/day. Of the 32
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nrolled subjects, 1 of the 7- to 12-year-old males who
eceived the 50 mg/day supplement refused to allow a
oststudy venipuncture and no data from this subject are
ncluded. Weight, height, and body mass index differed
etween the two age groups as expected. There were no
ignificant differences in any of the subject characteris-
ics between the two dose groups.

The fatty acid pattern of the plasma phospholipid frac-
ion is summarized in Table 2. There was no difference in
he content of any fatty acid between the two age groups;
hus, data are presented as the overall mean. There was
o difference in plasma phospholipid content of any fatty
cid between the two dose groups at baseline; but after 6
eeks of supplementation, plasma phospholipid DHA

ontent of both groups was higher (lower dose: 2.55�0.67
s 3.72�0.66; P�0.05 [mean for both age groups]; higher
ose: 2.77�0.78 vs 4.64�0.77; P�0.05 [mean for both age
roups]) with the higher dose group increasing more than
he lower dose group (P�0.05). The plasma phospholipid

Table 2. Fatty acid pattern of plasma phospholipid fraction (mole %
and after 6 weeks of daily docosahexaenoic acid supplementation o

Fatty acid

Lower

Baseline

4™™™™™™™™™™™™™™™
Total saturated 43.13�1.79
4- to 6-year-olds 42.20�1.07
7- to 12-year-olds 44.07�1.93
Total monounsaturated 13.67�1.70
4- to 6-year-olds 13.85�1.75
7- to 12-year-olds 13.48�1.74
Total n-6 39.30�2.74
4- to 6-year-olds 39.95�2.27
7- to 12-year-olds 38.64�3.16

18:2n-6, linoleic acid 23.46�2.55
4- to 6-year-olds 23.44�2.29
7- to 12-year-olds 23.47�2.95

20:4n-6, arachidonic acid 11.42�1.87
4- to 6-year-olds 11.94�2.19
7- to 12-year-olds 10.90�1.45

22:5n-6, docosapentaenoic acid 0.61�0.18
4- to 6-year-olds 0.65�0.22
7- to 12-year-olds 0.57�0.12

Total n-3 3.89�0.85
4- to 6-year-olds 3.99�0.74
7- to 12-year-olds 3.78�0.99

18:3n-3, �-linolenic acid 0.20�0.06
4- to 6-year-olds 0.19�0.05
7- to 12-year-olds 0.21�0.06

20:5n-3, eicosapentaenoic acid 0.23�0.13
4- to 6-year-olds 0.27�0.09
7- to 12-year-olds 0.20�0.15

22:6n-3, docosahexaenoic acid 2.55�0.67
4- to 6-year-olds 2.59�0.54
7- to 12-year-olds 2.50�0.81

*P�0.05, 6 weeks vs baseline.
†P�0.05, higher dose vs lower dose.
ontent of no other fatty acid differed between dose or age e

10 April 2009 Volume 109 Number 4
roups, including ARA, which in some studies is de-
reased by DHA (21,22).
Based on the FFQ, the children in both age groups

abitually consumed about one serving of fish per week
1.0�0.95 for 4- to 6-year-olds and 0.8�0.7 for 7- to 12-
ear-olds). This equates to 58�36 and 53�27 mg DHA
er day and 36�25 and 31�18 mg EPA per day for the 4-
o 6-year-olds and 7- to 12-year-olds, respectively.

The completed study calendars indicated that compli-
nce with juice consumption was excellent. For all sub-
ects, juice was consumed for 96%�6% of the study days.
he relatively short duration of the study, the ease of
ingle-serving containers, and the acceptance of taste
described as either “good” or “very good” [4 or 5 on a 1 to
scale] by 93% of the subjects) undoubtedly contributed

o the excellent compliance. The stability of DHA-fortified
uices was evaluated by the juice manufacturer. DHA
oncentration was determined by gas chromatography
ame ionization detector following acid catalyzed trans-

al fatty acids) of 4- to 6- and 7- to 12-year-old children at baseline
mg (lower dose) or 100 mg (higher dose)

Higher Dose

6 Weeks Baseline 6 Weeks

™™™™™ mean�standard deviation ™™™™™™™™™™™™™™™™™™™™™™™™3
42.91�2.16 43.36�1.70 42.60�1.04
43.41�2.75 43.77�2.27 42.67�1.13
42.33�1.15 42.96�0.79 42.53�1.02
13.21�1.07 13.2�1.33 12.70�1.53
13.50�0.88 13.55�1.26 12.36�1.89
12.88�1.23 12.93�1.40 13.04�1.08
39.02�2.81 38.85�1.88 38.88�1.43
38.24�3.21 38.32�1.91 39.02�1.89
39.92�2.15 39.38�1.82 38.73�0.87
23.28�2.49 23.29�2.60 23.59�1.70
22.54�2.85 22.49�2.70 23.43�1.87
24.12�1.83 24.08�2.39 23.75�1.64
11.55�2.34 11.44�1.93 11.03�1.46
11.45�2.36 11.71�1.68 11.42�1.59
11.66�2.49 11.17�2.23 10.65�1.31

0.74�0.16 0.58�0.12 0.72�0.13
0.81�0.16 0.66�0.11 0.82�0.10
0.66�0.12 0.50�0.05 0.63�0.09
4.84�0.70 4.30�0.74 5.83�0.85
4.85�0.57 4.36�0.57 5.95�0.86
4.87�0.95 4.23�0.91 5.70�0.87
0.20�0.09 0.18�0.10 0.14�0.06
0.21�0.12 0.17�0.09 0.13�0.06
0.18�0.03 0.20�0.11 0.15�0.06
0.17�0.20 0.38�0.28 0.30�0.22
0.25�0.26 0.51�0.33 0.41�0.21
0.09�0.02 0.26�0.16 0.18�0.17
3.72�0.66* 2.77�0.78 4.64�0.77*†
3.69�0.57* 2.74�0.65 4.67�0.75*†
3.80�0.86* 2.80�0.93 4.61�0.84*†
of tot
f 50

Dose

™™™™
sterification to the methyl ester and sensory tests were



p
c
j
s

D
I
d
5
D
p
p
s
h
b
c
c
c

m
m
t
i
fi
f
b
c
k
a

m
d
H
d
e
d
c
d
p
D
t
t
l
p

p
�
o
p
c
a
t
o
t
b
o
c
i

c
a
r
p

a
h
p
h
i
p
t
w
w

p
w
s
f
u
c

m
d
F
d
t
t
t
B
t
t
a
o
p
m
w

C
T
a
i
p
s
a
S
t
t
j
w
a
fi

T
t
O
f
C
w
i

e
C
t

erformed using standardized questionnaires. DHA con-
entration and sensory profiles of the DHA-supplemented
uice were determined to be stable during the 9-week
helf life.

ISCUSSION
n both 4- to 6-year-olds and 7- to 12-year-old children, a
aily 180 mL serving of orange juice supplemented with
0 or 100 mg DHA resulted, after 6 weeks, in a higher
HA content of the plasma phospholipid fraction. Sup-
lementation with 50 mg/day led to a 40% to 50% higher
hospholipid DHA content compared to baseline, and
upplementation with 100 mg/day led to a 65% to 70%
igher plasma phospholipid DHA content compared to
aseline. Neither dose affected plasma phospholipid ARA
ontent or content of any other fatty acid. What should be
onsidered desirable in children of this age group is not
lear.

Based on the FFQ, our subjects consumed approxi-
ately 18% of the amounts of DHA and EPA recom-
ended by the US Dietary Guidelines Advisory Commit-

ee (10). This is not solely a result of low overall fish
ntake; these children’s major source of dietary fish was
sh sticks, which are often made from fish with low n-3
atty acid content. Although to date the FFQ has only
een validated in adults, the findings are consistent for
hildren in the United States (6). Furthermore, to our
nowledge, it is the only FFQ specific to n-3 PUFA avail-
ble at this time.
The National Academy of Sciences has recommended
ore studies of EPA and DHA supplementation of chil-

ren, particularly those with behavioral disorders (12).
owever, in order to interpret data from children with
evelopmental disorders, it is necessary to know if differ-
nces exist between healthy children and those with such
isorders. Currently, the only plasma phospholipid DHA
ontent data for 6- to 12-year-old children are from chil-
ren with attention-deficit/hyperactivity disorder, a pro-
osed potential consequence of low plasma phospholipid
HA content. Baseline plasma phospholipid DHA con-

ent of these children was �30% lower (�1.9 mol %) (3)
han is reported here and may not represent optimal
evels for healthy children without attention-deficit/hy-
eractivity disorder.
Few data regarding DHA supplementation and plasma

hospholipid DHA content exist for healthy children over
18 months of age. Therefore, we compared contents

bserved in healthy 4- to 12-year-old children with the
hospholipid DHA contents observed in 4-month-old ex-
lusively breastfed infants (3.6% of total fatty acids) (15)
nd DHA-supplemented breastfeeding women (3.4% of
otal fatty acids) (16). Plasma phospholipid DHA content
f the 4- to 12-year-old children reported here were lower
han that of term infants and breastfeeding women at
aseline but, after 6 weeks of supplementation, differed
nly minimally. In addition, plasma phospholipid ARA
ontent did not differ significantly from that of breastfed
nfants (13.8% of total fatty acids) (15).

Other DHA supplementation studies in children in-
lude a recent study evaluating fish oil supplementation
t 15 mg/kg body weight in children with phenylketonu-
ia (23). These patients had relatively low plasma phos-

holipid DHA content at baseline (2.37%�0.1%), second- N
ry presumably to the low n-3 fatty acid content or their
abitual diet but, after 3 months of supplementation,
lasma phospholipid DHA content was considerably
igher (7.05%�0.24%). The authors noted that the large

ncrease in plasma phospholipid DHA content after sup-
lementation might indicate that the dose of fish oil,
hree to five times the amount that was evaluated by us,
as excessive. However, optimal contents for children
ith or without phenylketonuria are not established.
Studies in adults also have shown increases in plasma

hospholipid DHA content after DHA supplementation
ith either capsules or fortified foods (24,25). With re-

pect to the latter, n-3�fortified eggs have been available
or some time and the total number of n-3�fortified prod-
cts available is increasing; currently, n-3�fortified bread,
ereal, pasta, yogurt, and even chocolate, are available.

Because brain turnover continues throughout life,
uch attention has focused on the role of n-3 PUFA in

ementia and Alzheimer’s disease. Findings from the
ramingham Heart study showed a 50% lower risk of
eveloping Alzheimer’s disease with consumption of more
han two servings of fish per week (26). DHA supplemen-
ation also has been shown to improve cognitive dysfunc-
ion associated with mild Alzheimer’s disease (27,28).
ased on the available data from infants and adults,

here may be benefits of n-3 PUFA supplementation
hroughout the entire life cycle, including childhood and
dolescence. While improved visual acuity, brain devel-
pment, and verbal intelligence quotient have been re-
orted in infants consuming infant formula supple-
ented with DHA and ARA, it is unclear what benefits
ould be manifested in older children.

ONCLUSIONS
he DHA-supplemented juice in this study was well-
ccepted and proved to be an effective means of enhanc-
ng DHA intake of children and achieving a higher
lasma phospholipid DHA content. However, further
tudies are needed to determine if these changes are
ccompanied by functional benefits in healthy children.
ubstantial further research is necessary to evaluate po-
ential benefits, particularly in the area of improved at-
ention. Data regarding the effect of DHA-supplemented
uice on pediatric plasma phospholipid DHA contents
ould be helpful to registered dietitians and other food
nd nutrition professionals, especially in light of the low
sh intake among children.
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